Obesity apart from insulin resistance (IR) is a major risk factor associated with diabetes and is a major public health problem affecting more than 1 billion people all over the world[@ref1]. Several rodent models, either induced or spontaneous have been used to study the mechanistic basis behind the development of human type II diabetes associated with obesity. Some of the frequently used rodent models are Otsuka Long Evans Tokushima fatty (OLETF), Goto-Kakizaki (GK), Zucker Diabetes Fatty (ZDF), and Bio-Breeding Zucker diabetes-resistant (BBZDR/Wor) rats[@ref2].

Most of these animal models have several features of human type II diabetes, including glucose intolerance with hyperinsulinaemia, IR and obesity[@ref3]. Wistar diabetic fatty rat (WDF/*fa-fa*) is a well-known animal model, which is hyperglycaemic, hyperinsulinaemic with glucose intolerance and shows decreased insulin sensitivity[@ref4]. Spontaneous hypertensive/NIH-Corpulent (SHR/N-*cp*) and Spontaneous hypertension and heart failure/Mcc-corpulent (SHHF/Mcc-*cp*) strains developed from SHR/Ob rat share the corpulent gene for obesity. In these animals, glucose intolerance is associated with insulin and glucagon resistance, decreased insulin binding[@ref5], insulin stimulated glucose uptake by adipocytes and increased gluconeogenic activity in the liver and kidney[@ref6]. Additionally, SHHF/Mcc-*cp* male rats exhibit hypertension and congestive heart failure. Among other corpulent non-insulin dependent diabetic mellitus (NIDDM) rat models, Jcr:LA and LA/N-*cp* also show IR and glucose intolerance[@ref7][@ref8]. All these mutants have been developed in the west from a random bred or outbred stock, and their mutations were found to be due to deficit in leptin receptor gene.

In our laboratory unique obese mutant strains designated as WNIN/Ob and WNIN/GR-Ob were developed from the parental WNIN \[Wistar inbred strain maintained at National Institute of Nutrition (NIN)\] stock of rats[@ref9][@ref10]. Though both males and females were obese, the trait was preponderant in males of both the strains. The animals showed visible obesity from 35 days of age with hyperphagia, polydypsia, polyuria and additionally glycosuria in WNIN/GR-Ob mutants. Biochemically the obese mutants of both strains showed hyperinsulinaemia, hypertriglyceridaemia, hypercholesterolaemia and hyperleptinaemia. And additionally hyperglycaemia on challenge with oral glucose was seen in WNIN/GR-Ob mutants. The homozygous obese animals from both strains were infertile and propagation of these rats was carried out, by mating heterozygous carriers (+/-).

The animals being overweight for their age, weight-associated changes in the various organs and some adaptive changes especially in the major organs like heart, liver, kidney, and brain are anticipated and the present study was carried out for characterizing the obese mutants, in-terms of parameters like haematology, organ weights, histopathology and adipocyte density. In the present study we also carried out the morphometry of islets in WNIN/GR-Ob obese and lean rats to see the ß-cell population by immunohistochemistry in the pancreas to confirm whether these animals inherited the IGT trait from its parental stock.

Material & Methods {#sec1-1}
==================

The rats used in the study were housed individually in standard polycarbonate cages with top grill (Techniplast, Italy) and given a standard rodent chow developed at National Centre for Laboratory Animal Sciences, National Institute of Nutrition, Hyderabad containing 56 per cent carbohydrate, 18.5 per cent protein, 8 per cent fat, 12 per cent fiber and recommended levels of minerals and vitamins. UV sterilized drinking water (Aqua guard online water filter-cum-purifier, Eureka Forbes Ltd, India) in polycarbonate bottles with stainless steel sipper tubes were provided to rats. Rats were housed at a temperature of 24 ± 2°C with 14-16 air changes per hour and relative humidity (60 ± 5%) and kept on a 12 h light-dark cycle. The animals had free access to food and water.

For haematological studies, 6 males and 6 females from both lean and obese rats belonging to WNIN/Ob and WNIN/GR-Ob were taken, along with parental WNIN rats as the control. For histological studies, organ weights and morphometry of pancreatic islets (in WNIN/GR-Ob), a total of 72 animals (6 male and 6 female of each phenotype *i.e*., lean, carrier and obese) of 105 days age were taken from WNIN/Ob and WNIN/GR-Ob groups.

*Haematology*: After overnight fast blood was drawn from one of the supra orbital sinus via the inner canthus by using heparanized microcapillary tubes[@ref11]. Blood (1 ml) was collected in tubes containing 1 per cent EDTA-potassium containing vials was used for haemoglobin (Hb%), red blood cell (RBC), total white blood cell (WBC) and platelet counts as well as packed cell volume (PCV), mean corpuscular volume (MCV), mean corpuscular haemoglobin (MCH), mean corpuscular haemoglobin concentration (MCHC), monocyte (%) and lymphocyte (%) on an automated cell counter (SERONO BAKER System 9120 CP^+^, UK).

*Organ weights and histopathology*: Rats were fasted for 24 h and euthanized by CO~2~inhalation and subjected to gross necropsy. External features suggesting any abnormality were looked into. After opening the viscera an *in situ* examination was done. The major organs like brain, thyroid, heart, lungs, liver, spleen, kidneys, adrenals, pancreas and sex organs were collected. After detailed gross necropsy examination, these organs were trimmed of fat and blotted on filter paper and weighed (Essae Digi analytical balance, ES-DIGI, India) and organ to body weight ratio was measured[@ref12]. The organs slices (5 mm thickness) were fixed in 10 per cent neutral buffered formalin/Bouin\'s fluid overnight. All the tissues were subjected to routine standard histopathological processing and staining procedures. Five-micron paraffin sections were stained with hematoxylin and eosin and examined under a light microscope (Leitz Diaplan, USA).

*Adipocyte distribution and density*: For adipocyte distribution and density, representative samples from cutaneous, subcutaneous, retroperitoneal, abdominal wall, omentum and mesenteric, pelvic and femoral sites were taken from each phenotype of WNIN/Ob group. White adipose tissue was collected and fat cell density was measured in a calibrated microscope eyepiece graticule at X 400 magnification. The number of cells within the marked area were counted and expressed as cells per sq.mm.

*Immunohistochemistry (IHC) of pancreas*: IHC of pancreas was carried out by Avidin: Biotin complex method (ABC) for identification of ß-cells containing insulin (by specific antigen-antibody interaction), wherein the antibody has been tagged with a visible label *i.e*., chromogen[@ref13]--[@ref15].

For obtaining the islet number, slides were examined under a magnification of 10 X. The number of islets was then counted in given field. Area was calculated using the calibrated ocular grid. Islet number was expressed as a number of islets/sq.mm area. Islet size was given as an average islet area in sq.mm, by taking one representative sample from each phenotype, *i.e*., lean and obese. The entire slide was analyzed for the area occupied by each islet and the average of all these observations was calculated. For obtaining ß-cell number, the number of cells showing brownish granules (indication of insulin stained with the chromogen di-amino benzidene) were counted. The results were expressed as (*i*) average number of ß-cells per observed area, (*ii*) as a derived number per sq.mm of the grid.

The study protocol was reviewed and approved by the Institutional Animal Ethical Committee (IAEC), and was conducted in accordance with the internationally accepted principles for laboratory animal use and care.

*Statistical analysis*: Statistical significance of differences between the groups was determined by student\'s unpaired "t" test. ANOVA was carried out with multiple comparisons using Duncan\'s multiple range test. *P*\<0.05 was considered significant.

Results {#sec1-2}
=======

*Haematology*: The female rats of all groups exhibited lower values compared to males for all the haematological parameters analyzed ([Table I](#T1){ref-type="table"}). However, there was no significant differences among the groups for any of the parameters, except for platelet counts, (expressed as 10E3/mm^3^ of blood) which were significantly (*P*\<0.01) low in mutant rats of both groups and both sexes compared to WNIN strain in both the genders (*P*\<0.05).

###### 

Haematological values of lean and obese phenotypes of WNIN/Ob and WNIN/GR-Ob rats with normal WNIN rats (n=12)
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*Organ weights*: In both the mutant strains, males showed significantly higher organ weights with respect to brain, thyroid, heart, liver and kidney than females in all the three phenotypes (*P*\<0.05). In both the strains of mutants, except for testis, weights of all the other organs were comparable between lean and carrier of both sexes (Tables [II](#T2){ref-type="table"}, [III](#T3){ref-type="table"}). Major organs like liver, heart, lungs, kidneys, testis/ovary and brain weights were calculated for organ-to-body weight ratio and given in ([Table IV](#T4){ref-type="table"}). When the organ weights were calculated for their ratio, the obese rats of both groups were found to be lower compared to their lean and carrier counterparts. There is up to 50 per cent of reduction in their organ-to-body weight ratio in obese rats of both groups.
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Body weights and various organ weights (g) of three phenotypes of WNIN/Ob group (n=6)
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Body weights and various organ weights (g) of three phenotypes of WNIN/GR-Ob group (n=6)
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###### 

Organ to body weight ratio in three phenotypes of WNIN/Ob and WNIN/GR-Ob groups (n=6)
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In obese phenotypes, the brain and thyroid weights were significantly low compared to other phenotypes; however, the lean and carrier had more or equal weights. Heart weights in females of both the groups of obese mutants were significantly less, when compared to lean and carrier (*P*\<0.05). In lean rats of WNIN/GR-Ob, there was no difference in lung weights between males and females. However, significant differences were seen in obese and carrier rats of both strains between genders. In both the strains, the carrier (+/-) males had higher lung weight than females. The liver weight was significantly high in both genders of the mutants compared to lean (+/+) and carrier (+/-) rats (*P*\<0.05). In +/- and +/+ rats of both strains, spleen weight was found to be higher in males compared to females. However, in obese phenotype (-/-), it was reverse. No sexual dimorphism was seen in adrenal weights of mutant rats.

In obese mutants of both strains, all males and only females of WNIN/Ob show higher kidney weight compared to lean and carrier. The WNIN/GR-Ob obese rats had lower weight than lean and carrier (*P*\<0.05). Obese phenotypes of WNIN/Ob and WNIN/GR-Ob had low testis weight compared to lean littermates. The heterozygous carrier rats had significantly higher testis weight compared to homozygous obese and lean phenotypes. In WNIN/GR-Ob, ovary weight of obese (-/-) was higher compared to lean (+/+) and carrier (+/-), while in WNIN/Ob, the obese mutants; it was equal to carrier (+/-) and lower to lean (+/+).

*Histopathology*: Histopathological changes were observed in lungs, liver, and reproductive organs of both the obese mutants and additionally in kidney and adrenal of WNIN/GR-Ob. Other organs like brain, heart, trachea, spleen, foregut and glandular stomach were normal. Lungs of all animals (-/-, +/- and +/+) showed chronic interstitial pneumonitis grade III. The liver was pale in colour with hepatomegaly, as reflected by organ weights and showed periportal round cell infiltration. The circular clear spaces observed in the hepatocytes in obese rats represent areas previously occupied by fat and dissolved out by xylene during processing of the tissue. The liver of obese rats showed both micro- and macro-vesicular steatosis of moderate to severe degree in most of the hepatic lobules. In WNIN/GR-Ob rats, additionally some of the animals showed focal areas of necrosis with sinusoidal congestion ([Fig. 1A](#F1){ref-type="fig"}). Kidneys of WNIN/GR-Ob rats (2/6) showed focal and partial glomerular necrosis ([Fig. 1B](#F1){ref-type="fig"}) while in the rest, kidneys showed focal peritubular round cell infiltration with interstitial fibrosis and focal tubular necrosis. Adrenals in WNIN/GR-Ob (3/6) showed fatty changes in zona fasciculata, and the thyroid showed micro- and macro-follicles ([Fig. 1C](#F1){ref-type="fig"}). Shrunken testis with normal spermatogenesis was observed in both the obese phenotypes. The uterine cavity of obese mutants of both groups had purulent material inside ([Fig. 1D](#F1){ref-type="fig"}). The ovaries in WNIN/GR-Ob mutants (2/6) showed cystic corporaluteae and congestion ([Fig. 1E](#F1){ref-type="fig"}). Except for changes in lung histology, the lean and carrier animals of both mutants presented a normal histological picture.

![Photomicrograph of lesions observed in various organs of WNIN/GR-Ob rats. (**A**) Focal areas of necrosis in liver; (**B**) Glomerular necrosis in kidney; (**C**) Follicles devoid of colloid in thyroid; (**D**) Pus cells in uterus cavity; (**E**) Cystic ovary with corporalutea. (Lesions represented by arrows).](IJMR-134-330-g005){#F1}

*Adipocyte studies*: The distribution of fat (white adipose tissue) in all the three phenotypes in WNIN/Ob group was in the cutaneous, subcutaneous, retroperitoneal, abdominal wall, omentum, mesenteric, pelvic and femoral areas. Maximum distribution of fat was seen in cutaneous and subcutaneous areas followed by abdominal fat represented by retroperitoneal, omental and mesenteric areas. Irrespective of the area, more fat was seen in the obese (-/-) phenotype, followed by carrier (+/-) and lean (+/+) animals.

The white adipose tissue weight at 6 major areas and adipocyte density at 7 major areas and of the body for three phenotypes of WNIN/Ob (lean, carrier and obese) is given in [Table V](#T5){ref-type="table"}. In general, the density was high in +/+, followed by +/- and -/-. In +/- rats, the density in specified areas was close to that of the +/+ (cutaneous) and -/- (retroperitoneal and pelvic), and in other areas, it was less than +/+ but higher than -/- (subcutaneous, omentum). The adipocyte density in -/- animals was much less compared to +/+ at every site examined, and also in most of the areas compared to +/- animal. Similar results were seen in WNIN/GR-Ob rats.
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Adipocyte density in three phenotypes of WNIN/Ob group (n=6)
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*Immunohistochemistry*: The islet density as well as the area in lean rats was significantly less compared to obese rats. The islet density in lean rats was 1.03±0.02/sq.mm and in WNIN/GR-Ob mutant rats 4.12 ± 0.08/sq. mm (Fig. [2A](#F2){ref-type="fig"} & [2B](#F2){ref-type="fig"}). The average area of islet in lean rats was 0.006 ± 0.00001/sq.mm, while it was 0.14 ± 0.002/sq.mm in obese mutants. The average number of β-cells per islet was significantly higher (P \<0.01) in obese rats (221.59 ± 66.23) compared to lean rats (45.34 ± 9.82) (Fig. [3A](#F3){ref-type="fig"} & [3B](#F3){ref-type="fig"}). However, when the number was expressed per sq. mm, there was no significant difference between the two phenotypes. Apart from increase in number, the islets in obese rats were mostly irregular and larger, in contrast to lean animals, where the islets shape and size were normal.

![Photomicrograph of immunohistochemistry details of pancreatic islets of WNIN/GR-Ob rats. (**A**) Islet density in lean; (**B**) Islet density in obese rats. (Islets represented by arrows).](IJMR-134-330-g007){#F2}

![Photomicrograph of ß - cell density in islet of WNIN/GR-Ob lean (**A**), and obese rats (**B**) (Number of ß - cell represented by arrows).](IJMR-134-330-g008){#F3}

Discussion {#sec1-3}
==========

Most of the haematological parameters analyzed were within the normal range with evident differences between males and females in all the phenotypes of both the mutant strains. The platelet counts were significantly decreased in both the obese mutant strains compared to WNIN parent strains, the physiological implications of which need to be assessed by detailed analysis of related parameters.

The higher liver weights seen in obese animals were due to hepatomegaly, which was confirmed by gross body weight exhibited by these animals. This is a common condition seen in all obese rodents arising genetically as well as when experimentally induced[@ref16]--[@ref18]. Liver from obese SHR/N-*cp* rats showed widespread deposition of fat globules of different size inside parenchymal cells. Microvescicles of fat appeared to be localized in both pericentral and periportal hepatocytes with a slight preponderance in pericentral zones[@ref19]. Similar observations were seen in the present study in obese rat liver of WNIN obese mutant rats.

SHR/N-*cp* obese males and females exhibited glomerular lesions characterized by segmental diffusion and nodular lesions[@ref20]. Progressive kidney failure is prevalent in *fa/fa* rats and is manifested by polydypsia and polyurea[@ref21]. Glomerulosclerosis was seen as early as 5 months of age in ZDF rats. It is associated with glomerular hypertrophy and mild mesangial expansion. Diabetic nephropathy features like diffuse glomerulosclerosis, nodular lesion, and thickening of basement membrane, mesangial proliferation and fibrin cap were observed in OLETF rat[@ref22]. Glomerular and other lesions were observed in WNIN/GR-Ob mutants in the present study. Thus, it can be used as a model to understand the mechanism behind the development of obesity associated diabetic complications, especially related to kidney.

Reduction in brain weight was also seen in other obese rodents and this seems to be specific to obesity[@ref23]. Heart weights in present study showed sexual dimorphism, *i.e*. only females showed lower weights compared to lean and control, which is not reported in any other model. Usually the reported weights are either high or equal to other phenotypes[@ref24]. The lung weights in obese mutant rats compared to other phenotypes were almost the same and all the animals had varying grades of pneumonitis. Fatty changes were observed in adrenals of obese mutant rats in zona fasiculata indicative of active and higher production of glucocorticoids. Thyroid function also could be altered in these obese rats as significant reduction in thyroid weights was seen, unlike the other obese rodents[@ref16]. The reduction in gonadal weights in WNIN obese mutants was also expected and this was shown by many other genetically obese rodents also[@ref25][@ref26]. However, while the testis showed normal spermatogenesis on histology, the ovarian histopathology showed changes, implying varying levels of gonadal hormone deficiency among the genders, being more severe in females compared to males.

The distribution of fat in WNIN obese rats was like other obese models, distributed in all the major sites such as cutaneous, subcutaneous and abdominal regions. Obesity in these animals appears to be due to hypertrophy of adipocytes as seen at all major sites examined. Hypertrophy of fat cells has been shown in at least four forms of inherited obesity as well as in two forms resulting from injury to hypothalamus[@ref27][@ref28], and this could be due to a general response to hyperphagia and hypertriglyceridaemia they exhibit. In models like Zucker rats, both hyperplasia as well as hypertrophy of the fat cells was also seen[@ref16].

Increased production of insulin can be achieved by hyperplasia of islets as seen in many NIDDM models[@ref29][@ref30] or ß-cells hyperplasia itself as shown by db/db mice[@ref31]. IHC study showed an increase in the islet density in WNIN/GR-Ob rats along with an increase in islet area. Subsequently an increase in number of the ß-cells was also seen. But when the number of ί-cells were expressed per sq.mm area, no difference between lean and obese rats could be seen, indicating that the compensatory mechanism for hyperinsulinaemia is not by hyperplasia of ß-cells, but due to an overall increase in islet density.

WNIN/GR-Ob rats are similar to lean GK rat in terms of onset of pre-diabetic conditions and also to pre-diabetic Chinese hamsters. However, WNIN/GR-Ob rats are only glucose intolerant and not frankly diabetic. In many well-established laboratory diabetes rodent models, hyperplasia of the ß-cell is followed by degranulation along with reduction in number and even total absence of ß-cells[@ref32][@ref33]. It will be worthwhile to look at the islet morphology as and when the WNIN/GR-Ob rats develop frank diabetes like fasting hyperglycaemia and other characteristics. The preliminary studies carried out in our laboratory show that these rats are diet sensitive and develop frank diabetes by 4-6 wk of feeding purified carbohydrate diets (unpublished data). Thus diabetes can be produced in these animals by dietary manipulation without treatment of alloxan and streptozotocin.

In conclusion, the data presented in terms of gross organ weights, histopathology and immunohistochemistry equivocally prove the obese nature of the mutants established from the parental Wistar stock (WNIN) in our animal facility. The life span of these animals is reduced to half, and as they cross one year develop opportunistic infections, cataract and retinal degeneration (10-15%)[@ref34], mammary tumours and lipomas (over 50-60%) and kidney abnormalities in most of them. Recently, these mutants have been shown to develop hypertension[@ref35], thus making it an ideal model to study metabolic syndrome with all its variations.

Authors acknowledge the Indian Council of Medical Research (ICMR) and Department of Biotechnology (DBT), Government of India, New Delhi, for the financial support, and thank Shriyut E. Ganesh and N. Yadagiri animal caretakers, for their co-operation in the maintenance of obese rat colony. Ms. K. Sharada for technical assistance. Authors also thank Dr Kamala Krishnaswamy, former director of National Institute of Nutrition for her support in this work.
